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Fig. 1.5: Schematic of phase diagram.
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Fig. 1.6: Change of thermondynamic properties of nitrogen near the critical point ob-
tained by NIST database [7]. The critical pressure and temperature of nitrogen are 3.4
MPa and 126.2 K, respectively.
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Fig. 1.7: Schematic of ow-eld in coaxial mixing.
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Fig. 1.8: Coaxial ame holding structures at near-injector eld [55].
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Fig. 1.9: Eect of recess on cold-ow LN2/He coaxial jet [61]: non-recessed injector (left),
1D-recessed injector (middle), and 2D-recessed injector (right), D is the diameter of the
inner injector.
Fig. 1.10: Eect of connement on two-dimensional wake [64]: (a) h = 1, (b) h = 0:7,
h is a connement parameter dened as a raio between the width of upper ow and the
half-width of inner ow.
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g =  max[min(ML; 0);  1)] min[max(MR; 0); 1)]
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????
 = R   L; p = pR   pL;
ML;R =
uL;R
c
; c =
cL + cR
2
(2.26)
????????
~p =
pL + pR
2
+
L   R
2
(pL + pR) + (1  )(L + R   1)pL + pR
2
(2.27)
L =
8><>:
1
4
(2 ML)(ML + 1)2; ifjMLj  1
1
2
(ML + jMLj)=jMLj; otherwise
R =
8><>:
1
4
(2 +MR)(MR   1)2; ifjMRj  1
1
2
(MR   jMRj)=jMRj; otherwise
????
2.2.3 MUSCL?
???????????????????? L?R ?????????????????
?????????????????????Monotone Upstream-centered Schemes for
Conservation Law?MUSCL?? [77]? Van Albada [78]???????????????
? q = ( u v w p)T ?????
qL;j+ 12 = qj +
s
4
[(1  s)  + (1 + s)+]j ;
qR;j+ 12 = qj+1  
s
4
[(1  s)+ + (1 + s) ]j+1 (2.28)
????(+)j = qj+1  qj ; ( )j = qj   qj 1 ???????????????????
???? = 1??? 2?????? = 1=3??? 3?????????????????
?????? = 1=3????s???????????????????????????
??? Van Albada limiter?? s?????????
s =
2+  + 
(+)2 + ( )2 + 
?  ' 10 6 ????+ =   = 0????????????????????????
???????
24 ? 2? ?????
2.3 ?????
?????????????????????????????????????????
?????????Runge-Kutta ??????????????????????????
????????????????????? t? CFL?????????? [74]???
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????? 3 ?????
??????????????????????????? CFL????????????
??????????????????????????????????????????
?????????????????????????????????????
?????????? 2 ???????????? 3 ??? TVD Runge-Kutta ? [79]
??3???????????????????????? Lower-Upper Symmetric-Gauss-
Seidel?LU-SGS?? [80] ???????? LU-SGS ?????????????????
?????????????? [81]?????????????
2.3.1 TVD Runge-Kutta?
Runge-Kutta??????????????????????????????????
?????????????????????
@Q
@t
= RHS(Q) (2.29)
????RHS ????????????TVD Runge-Kutta ?????????????
???
Q = Qn +tRHS(Qn)
Q =
3
4
Qn +
1
4
Q +tRHS(Qn) (2.30)
Qn+1 =
1
3
Qn +
2
3
Q +tRHS(Q)
2.3.2 LU-SGS?
??? 2.16??? 2.18?? 2.19??????????
Q^
n+1   Q^n =  t

@E^ + @F^ + @G^
n+1
(2.31)
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????? 2.18????  = 1???????????????????????????
??????????????
E^
n+1
= E^
n
+
 
@E^
@Q^
!
(Q^
n+1   Q^n) +O(t2) (2.32)
? 2.31?? 2.32?????Q^
n
= Q^
n+1   Q^n ???????
Q^
n
=  t

@(E^ + A^Q^) + @(F^ + B^Q^) + @(G^+ C^Q^)
n
(2.33)
?????????h
I +t

A^+ B^ + C^
i
Q^
n
=  t

@E^ + @F^ + @G^
n
 (RHS) (2.34)
????A^?B^?C^ ??????????????????
A^ =
@E^
@Q^
; B^ =
@F^
@Q^
; C^ =
@G^
@Q^
(2.35)
????? ????????????????
? 2.34??????? LDU?Lower-Diagonal-Upper??????????????? L?
???? D?????? U ? 3??????h
I +t

A^+ B^ + C^
i
= L+D + U
 [L+D]D 1[D + U ] (2.36)
[L+D]D 1[D + U ]Q^ = (RHS) (2.37)
????
L+D = I +t

  A^
+ +   B^
+ +   C^
+   A^    B^    C^ 

(2.38)
D = I +t

A^+   A^  + B^+   B^  + C^+   C^ 

(2.39)
D + U = I +t

  A^
  +   B^
  +   C^
  + A^+ + B^+ + C^+

(2.40)
??????????? (+)????????????????????? ???????
???????????????????LU-SGS ??????????????????
?????????
A^ =
1
2
h
A^ ~%(A^)I
i
B^ =
1
2
h
B^  ~%(B^)I
i
(2.41)
C^ =
1
2
h
C^  ~%(C^)I
i
26 ? 2? ?????
~%(A^)? A^????????????  ????????????????????????
?????????  ? 1.01??????1?????????????????????
???????
? 2.38? 2.40????????????????????????
+ A^
  =
A^ j+1;k;l   A^ j;k;l

;   A^
+ =
A^+j;k;l   A^+j 1;k;l

;
+ B^
  =
B^ j;k+1;l   A^ j;k;l

;   B^
+ =
B^+j;k;l   B^+j;k 1;l

;
+ C^
  =
C^ j;k;l+1   C^ j;k;l

;   C^
+ =
C^+j;k;l   C^+j;k;l 1

(2.42)
????
? 2.37??? 3?????????????h
I +t

A^+j;k;l   A^ j;k;l + B^+j;k;l   B^ j;k;l + C^+j;k;l   C^ j;k;l
i
Q^

j;k;l
= (RHS) + t
n
(A^+Q^

)j 1;k;l + (B^+Q^

)j;k 1;l + (C^+Q^

)j;k;l 1
o
(2.43)
h
I +t

A^+j;k;l   A^ j;k;l + B^+j;k;l   B^ j;k;l + C^+j;k;l   C^ j;k;l
i 1
Q^

j;k;l
= Q^

j;k;l (2.44)
h
I +t

A^+j;k;l   A^ j;k;l + B^+j;k;l   B^ j;k;l + C^+j;k;l   C^ j;k;l
i
Q^
n
j;k;l
= Q^

j;k;l  t
n
(A^ Q^
n
)j+1;k;l + (B^
 Q^
n
)j;k+1;l + (C^
 Q^
n
)j;k;l+1
o
(2.45)
???? =  =  = 1????????? 2.43? 2.45??????????????
???
A^Q^
  E^ (2.46)
???? 2.41???
A^+   A^  = %(A^)I
B^+   B^  = %(B^)I (2.47)
C^+   C^  = %(C^)I
??????? 2.43? 2.44? 2.45??????????????????????????
??????????????????????????????????
LU-SGS??????????????????????? 2.41???????????
????? 2.41??????????????????????????????????
2.3 ????? 27
????????????????????????????LU-SGS??????????
??????????????????????????????????????????
??????????????????????????????????
2.3.3 ?????
?????????????????????????????????????n???
?? n+ 1???????m?????????????? 2.31??
Q^
(m)   Q^n = Q^(m) + Q^(m 1)   Q^n =  t

@E^ + @F^ + @G^
(m)
(2.48)
????
Q^
(m)
= Q^
(m)   Q^(m 1) (2.49)
m!1; Q^(m) ! Q^n+1 (2.50)
? 2.48???????? 2.33??????????????
I +t

A^+ B^ + C^
(m 1)
Q^
(m)
=  (Q^(m 1)   Q^n) t

@E^ + @F^ + @G^
(m 1)
(2.51)
?????????????????? Q^
(m)
????????????????????
?? Navier-Stokes?????????
 (Q^(m 1)  Q^n) t

@E^ + @F^ + @G^
(m 1)
  
 
@Q^
@t
+
@E^
@
+
@F^
@
+
@G^
@
!
! 0 (2.52)
?????????????????????????????????????????
??????? 1?????????????
???? 2?????????? 2.16?????????????? 3????????
??????????? 2.48? Euler????????????? 2????????
3Q^
(m)   4Q^n + Q^n 1
2
=
3Q^
(m)
+ 3Q^
(m 1)   4Q^n + Q^n 1
2
=  t

@E^ + @F^ + @G^
(m)
(2.53)
??????????
I +
2
3
t

A^+ B^ + C^
(m 1)
Q^
(m)
=  2
3
t
"
3Q^
(m 1)   4Q^n + Q^n 1
2t
+

@E^ + @F^ + @G^
(m 1)#
(2.54)
28 ? 2? ?????
????? 1?????????????????????? Q^
(m)
????????? 2
??????????
2.4 ???????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????? 10%??????????
???????????LES ????????????????????????????
?? Re1:8 ????????????????????????????????????
? Re2:4 ?????????? [82, 83]????????????????????????
???
?????????????????????????????????????????
??????????????????????????????????????????
????????? LES??????????????????????????????
?????????? 1????????????? RANS??????????????
???????? LES??????????? LES/RANS??????????????
? [84]??????? Fig. 2.1 ?????????? LES/RANS ???????????
? RANS??????????????? LES????????????????????
???? RANS??????????????????????????????????
??????????????????????????? LES/RANS???? LES??
????????????????????????????????????? Piomelli
? [83]??? [85]?????
????????????????????????Detached-Eddy Simulation?DES?
[86]???????DES??RANS????????????? Spalart-Allmaras????
??SA???? [87]?????????????????? RANS??? LES?????
Fig. 2.1: Schematic of hybrid LES/RANS method.
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?????????DES??????????????????????????????
??????????????? DES????????????????????????
??????? LES?????????????????????? [88]????????
????????????? [89, 90]?????????????????????????
? Delayed Detached-Eddy Simulation?DDES? [90]?????????????????
?????????? Improved DDES?IDDES? [91]?????????
?????????????? LES/RANS ????????????? DES ????
SA?????? RANS??????????????? Implicit LES?ILES??????
??? LES????????????????????????? RANS?LES?????
?????????????????? RANS? LES?????????????????
2.4.1 RANS
?????????? f ??????? f ??????????? f 0 ??????
f(t) = f + f 0(t) (2.55)
?????
f =
1
t
Z t+t
t
f(t)dt
f 0(t) =
1
t
Z t+t
t
(f(t)  f)dt = 0 (2.56)
???????? Navier-Stokes????????? 2.55????????????????
??????????????????????????????????????????
?????????????? Navier-Stokes????Reynolds-Averaged Navier-Stokes?
RANS?????
?????????????????????????????????????????
??????Favre??????????
f(t) = ~f + f 00(t); ~f =
f

(2.57)
????????????
f 00 = 0; f 00 =  
0f 0

6= 0 (2.58)
?????????????????????????Navier-Stokes??????????
????????????????????????????????? u00i u00j ?????
??????????????????????????????????????????
?????????????????????????? t ??????
 u00i u00j = t

@~ui
@xj
+
@~uj
@xi

  2
3
ij
@~uk
@xx
(2.59)
30 ? 2? ?????
??????????????????????????????????? 2.1?????
??????????????????
 = l + t (2.60)
????l ????????????????????
??????????????????????
 u00i h00 =  
t
Prt
@h
@xi
(2.61)
??? Prt ?????????????????????????????????????
?????????????????????????? [11]??????????? DNS
??????????????????????????????????????????
????? Prt = 0:8??????
????????????????????????????????????? t ??
????????????????? LES/RANS?????????
2.4.2 LES
???? LES??????ILES?Implicit LES??? LES????????Monotonically
Integrated LES?MILES? [92]???????????????????????????
??LES??????????????????????????????????????
??????? Sub Grid Scale????SGS?????????????????? ILES
??????????????????????????????????????????
? SGS??????????????????????????????????????
????????????? Boris ? [92] ????? MILES ?????????????
????????? ILES??????????????????????????????
??????????????????????????????????????????
?????????????????????MILES?????????????????
????????? [93]???????????????????MUSCL?? Essentially
Non-Oscillatory?ENO??Weighted Compact Nonlinear Scheme?WCNS????????
?????????????????????????????????? [93{96]????
??? LES?????RANS????????????? SGS????????????
??????????SGS???????? ILES????????????
???? LES??????? ILES????????SLAU?????MUSCL????
????????????????????????? SGS??????????
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2.4.3 ?????? ILES/RANS???
???????????????? ILES ? RANS ?????????????
ILES/RANS??????????????????????????? RANS?????
???????????????????? LES?ILES??????????
???RANS??? Spalart-Allmaras??????SA???????????????
t ???????????? SA???????????????
D~
Dt
= cb1 ~S~ +
1

r  (( + ~)r~) + cb2(r~)2  cw1fw  ~
dw
2
(2.62)
t = ~fv1; fv1 =
3
3 + C3v1
;  =
~

(2.63)
????t ?????????~ ?????????????????????dw ????
????????????????SA???????????????????? 2.62??
??? 1??????? 2??????? 3?????????????????
~S = S +
fv2~
2d2w
; fv2 = 1  
1 + fv1
(2.64)
S ????????????????????????
fw = g

1 + C6w3
g6 + C6w3
 1
6
; g = r + Cw2(r
6   r); r = min

~
~S2d2w
; 10

(2.65)
?????????????
Cb1 = 0:1355;  =
2
3
; Cb2 = 0:622;  = 0:41; (2.66)
Cw1 =
Cb1

+
1 + Cb2

; Cw2 = 0:3; Cw3 = 2; Cv1 = 7:1 (2.67)
?????????????????????????????????RANS ????
???????? LES???????????????????????????? RANS
? LES????????????????????? DES [86]? DDES [90, 91]????
???????
???????????????? lHyb ????????????? lHyb ?? 2.62??
dw ???????
lHyb = lRANS   fdmaxf0; (lRANS   lLES)g; (2.68)
????lRANS ? RANS???????????lLES ? LES??????????????
?? fd ?????????????
fd = tanh[(8rd)
3] (2.69)
rd =
 + t
2d2w[ij(@ui=@xj)
2]1=2
(2.70)
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rd ????????????????? 1?????????????????????fd
????? 0????????????????? 1??????????????????
?? lRANS ?? lLES ?????????????????Figure 2.2??????? fd ?
lHyb ???????????lRANS ? SA????????????? dw ????lLES ? 0
???????? LES????? 2.62? ~ ? 0????????????????????
lHyb = lRANS = dw ????????? SA??????????????????????
???????????????????? 0?????????????????????
?????????????? ILES????????????????? LES? RANS?
??????????????????????????????
??????????????????????????? RANS??????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????????????
0.0
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f
d
T
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n
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n
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dw
lRANS (= dw)
fd
lHyb
Fig. 2.2: Near-wall behavior of function fd and length scale of hybrid model lHyb.
2.5 ???????????
?????????????????????????????????????????
???????????????????????????? 1 ????????????
?????????????????????? pV T ?????????????????
??????????????????????????????? [97]?????????
?????????????????????????????????????? van der
Waals???????????????????????????????????????
?????????????????????????????????????????
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??? Peng-Robinson?PR?????? [98] ??Soave-Redlich-Kwong?SRK?????
? [99]??????????????????????????????????????
????????????????????? [39,100]?????????????????
??????????????????????????????????????????
????????????????
?????????????????????????????????????????
????????????? SRK???????????
2.5.1 ?????
?????????????????????????????????????????
??????????????? SRK?????? PR????????????????
p =
RT
V   b  
a(T )
V 2 + ubV + wb2
(2.71)
(T ) =
"
1 + f(!a)
 
1 

T
Tcr
1=2!#2
SRK
u = 1; w = 0
f(!a) = 0:48 + 1:574!a   0:176!2a
a = 0:42748R2T 2cr=pcr; b = 0:08664RTcr=pcr
PR
u = 2; w =  1
f(!a) = 0:37464 + 1:54226!a   0:26992!2a
a = 0:45724R2T 2cr=pcr; b = 0:07780RTcr=pcr
????!a ?????????
2.5.2 ??????????
???????
????????????????????????? [101]???????? ei ????
????? ei = ei(T; V )?????
dei =

@ei
@T

V
dT +

@ei
@V

T
dV (2.72)
= CvdT +

@ei
@V

T
dV (2.73)
34 ? 2? ?????
??????? Cv ?????????????????????????
ei(T; V ) =
Z
CvdT +
Z 
@ei
@V

T
dV (2.74)
= ei0(T ) +
Z 
@ei
@V

T
dV (2.75)
????ei0(T )???????????????????????????????????
??????????????????????????
@e
@V

T
= T

@p
@T

V
  p (2.76)
??????? 2.75??
ei(T; V ) = ei0(T ) +
Z 
T

@p
@T

V
  p

dV (2.77)
????
???SRK??????????????? 2.72? T ???????
@p
@T

V
=
R
V   b  
a @@T
V 2 + ubV + wb2
(2.78)
?????
@
@T
=  f(!a)
"
1 + f(!a)

T
Tcr
0:5#
(TTcr)
 0:5 (2.79)
? 2.78?? 2.77??????????
ei(T; V ) = ei0(T ) + a

  T @
@T
Z V
1
dV
V 2 + ubV + wb2
= ei0(T ) + a

  T @
@T

1
b
p
u2   4w
Z V
1

1
V   C+  
1
V   C 

dV
= ei0(T ) + a

  T @
@T

1
b
p
u2   4w loge
V   C+V   C 
 (2.80)
C =
 ub bpu2   4w
2
????????????????????????????????????
?????
?????????????????
c2 =
Cp
Cv

@p
@

T
; Cv =

@ei
@T


; Cp = Cv +
T
2
 
@p
@T
!2

, 
@p
@
!
T
(2.81)
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SRK?PR ???????????????????????????????????
NIST?????? [7]???????? Fig. 2.3???????????????????
??????? 3.4 MPa?126.2 K????SRK???????????????????
?????????????Figure 2.4??5 MPa??????? SRK? PR??????
??????????????????? SRK????????????????????
?????????????????????????????????????SRK??
?????????????????
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Fig. 2.3: Change of thermondynamic properties of nitrogen obtained using the SRK
equation of state.
2.5.3 ????
??????????????????????????????????????????
?????????????????????????????????? Zeberg-Mikkelsen
????? [102]???????????? Vasserman??????? [103]?????
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Fig. 2.4: Comparison of thermondynamic properties of nitrogen at 5 MPa between SRK
and PR equation of state.
????
Zeberg-Mikkelsen?????????????????????? 0 ??????? f
?????
 = 0 + f ; (2.82)
??????????????
f = rpr + apa + rr

pr
Tr
2
; (2.83)
pa = p  pr
pr =
RT
1  b (2.84)
????Tr = T=Tcr ??????????????????
0 = d1
p
T + d2T
d3 (2.85)
??????????????SRK?????????????????????????
?????
d1 = 19:1275 10 7; d2 =  53:0591 10 7; d3 = 0:184743;
r = 0:0901145 10 12; a =  0:760370 10 12; rr = 3:50877 10 21 (2.86)
?????
Vasserman????????????? ?
 = ((r) + (r)Tr + (r)0(Tr)) 10 3; (2.87)
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????Tr = T=Tcr?r = =cr ????0(Tr)??? ??????????????
0(Tr) =  1:22 + 14:63Tr   1:737T 2r + 0:1738T 3r   0:00683T 4r ;
(r) = 7:561r + 39:394
2
r   42:2963r + 18:8134r   2:3755r;
(r) =  4:788r + 33:8362r   47:7553r + 24:6974r   4:4795r;
(r) = 1 + 0:4572r   3:97492r + 5:55433r   2:70794r + 0:45595r; (2.88)
Figure 2.5???????????????????????? NIST?????? [7]?
??????????????????????????????????????????
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Fig. 2.5: Transport properties of nitrogen obtained using the models by Zeberg-Mikkelsen
et al. [102] and Vasserman et al. [103].
2.6 ??????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????Fortied Solution Algorithm?FSA? [104]
?????????????????????? 3?? Navier-Stokes??? 2.16????
???????
@tQ^+ @E^ + @F^ + @G^ = Re
 1

@E^v + @F^ v + @G^v

+ 

Q^f   Q^

(2.89)
??? 2???????????????????Q^f ?????????????????
??????????????????????????????????????????
??????????????? ???????????????  = 103???????
????????  = 0????? 2.31?? 2.34?????????????? 2.89??
38 ? 2? ?????
??????????????????????
Q^
n
=  t

@E^ + @F^ + @G^
n+1
+t

Q^f  Q^
n   Q^n

(2.90)
h
I +t+t

A^+ B^ + C^
i
Q^
n
=  t

@E^ + @F^ + @G^
n
+t

Q^f   Q^n

(2.91)
?????? 0?????? 2.91???? Navier-Stokes???????????????
??? ???????????
tQ^
n  t

Q^f   Q^
n

! Q^n+1  Q^f (2.92)
??????????????? Q^
n+1
? Q^f ?????????????????????
?????????????????????????????????????????
?????????????????????????????????
2.7 ?????????
??????????????????????????????
2.7.1 ????
????
???????????????????????????
??????
j = jmax ????????????????????????????????????
?????? 1??????????????
jmax = jmax 1 (2.93)
ujmax = ujmax 1 (2.94)
pjmax = pch (2.95)
??????
l = 1???????????????????????? w = 0???u?v ??????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????
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??????
?????????????????????? u = v = w = 0?????? 0????
???????????????????????????????
Ap +Bp + p = C (2.96)
A =
1
D
(xx + yy + zz)
B =
1
D
(xx + yy + zz)
C =   1
D
fU(xu + yv + yw) + V (xu + yv + yw)g
D = 2x + 
2
y + 
2
z
? 2.96??????????????????????????????????????
????????????? 2.96?  ??? 2????????????
Ap +Bp +
 pj;k;3 + 4pj;k;2   3pj;k;1
2
= C (2.97)
  2
3
(Ap +Bp) + pj;k;1 =  2
3


C    pj;k;3 + 4pj;k;2
2

(2.98)
? 2.98???????????????????
I   2
3
A
 
I   2
3
B

pj;k;1 =  2
3


C    pj;k;3 + 4pj;k;2
2

(2.99)
 ?  ??????????? 2??????????????
p =
pj+1;k;1   pj 1;k;1
2
; p =
pj;k+1;1   pj;k 1;1
2
(2.100)
? 2.99????????????? pj;k;1 ??????????
??????
3??????????????????????????????k???? 5?????
k ?????????????????????????????????????????
??????? q = (;u; p)T ????????????????????
qk=1 = qk=kmax 4 (2.101)
qk=2 = qk=kmax 3 (2.102)
qk=kmax 1 = qk=4 (2.103)
qk=kmax = qk=5 (2.104)
40 ? 2? ?????
???????
3?????????? l = lmax???????????????????? q = (;u; p)T
???????? l = lmax   1???????????
ql=lmax =
1
kmax
kmaxX
k=1
ql=lmax 1 (2.105)
2.7.2 ????
????????????????????????????????????????
????????????????????????????????Kawai?Terashima
? [105, 106] ???????????????????????????????????
???????????????????????????????? q = (;u; p)T ???
?????????????????
q = ql(1  fsm) + qrfsm (2.106)
fsm =
1 + erf[R=]
2
;  = Cx (2.107)
????? l?r????????????????R?????????x??????
????????????????????????????? C = 3:0??????
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3.1 ?????????????????????
3.1.1 ????
????????????Mayer? [10]??????????????????????
?????????????? Table 3.1???????????????????????
??????? 3.4 MPa?126.2 K?????????????????????? 4 MPa
??125 K?????????????????????????????????????
???????????????????Terashima ? [35] ????????????? 4
??????????????????????????????????????????
???????? D ????? 1=4 ???? 0.55 mm ????????????????
????????????????????????? Fig. 3.1?????????????
??????????????????????????????????????????
????????????????? 565??145??141??????? 121??145??
51????????????????????? 400D?????? 100D????????
???????? 50????????????????????????????????
????????????????????????????????????????? 1
Table 3.1: Initial condition of supercritical round jet simulation. The experiments per-
formed by Mayer et.al [10].
; kg=m3 T; K p; MPa u; m=s Re
Jet 435:0 125:2 3:97 19.6 1:7 105
Chamber 45:0 300:0 3:97 0 -
42 ? 3? ????
??????y+ ' 1:0???????????y+ ?????????????
y+ =
yu

; u =
r
w

(3.1)
??? u ??????w ????????????
?????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
???????????????(; u; p) ??????????????????????
???????? [105,106]?????????????????????????????
???????????????????????????????? 2.7 ???????
?????????????????????????????? SLAU????????
400D
100D
x
y
z
50D
LN2
(a) Overall view (every two-grid points are shown.)
40D
8DD
D
(b) Near-injector view
Fig. 3.1: Computational grid used in the three-dimenisonal round jet simulation.
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???? LU-SGS???????????????? ILES/RANS???????????
???CFL ????????????? y+ = 80 ???? 1 ?????????????
?????? 5????????????????????????? A????????
ILES/RANS??????????? B????
3.1.2 ??
Figure 3.2????????????????????????????????????
????????????????????????? Kelvin-Helmholtz????????
????????????
Figure 3.3?????????????????????????Mayer?????? [10]
?????Schmitt? [31]?Terashima? [35]? LES??????????????????
Mayer???????????????????????? x=D = 0  8????????
??????????????????????????????????????????
???? [10]????????????? LES????????????????????
????? LES??????????????????????????????????
????????????????????????????? Terashima? [35]????
??????????????????????????????????????????
??????????????????????
?????????????????????????????????????????
??????????????
45 435
Fig. 3.2: Instantaneous density contour.
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Fig. 3.3: Mean density proles on the axis.
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???????2??????????????????????????????????
??????????????????????????????????????????
???????????2?????????? 3???????????????????
?????????????????????????2????????????3???
??????????????????????????????????????????
???????????2??????????????????????????????
??????????????????????????????? 5.6???????
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t
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Fig. 4.1: Schematic of co-owing planar jet.
46 ? 4? ??????? 2?????????????
4.1 ????
???????? Fig. 4.1??????? Table 4.1??????????2??????
?????????????????????????? 5 MPa????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????? J ? 1??
6?????????????????????????????????? H ? 0.5 mm?
??????? h? 0.25 mm?????????? Rn????????? t???????
??????????????????Rn1J1??????Rn = 1H?J = 1??????
??????????
4.2 ????????
??????????????????? ILES???????????????????
??????? ??????????????????????????????????
??????????????????????????? Fig. 4.2??????? Fig. 4.3
???????????????? 300H?????? 100H ??????????????
??????????????????????????????????????????
?????????????????????????????????????????
????????????????? 50H?????????? 50h??????????
Table 4.1: Condition of the co-planar jet simulations.
J1 J2 J4 J6
p; MPa 5:0
in; kg=m
3 522:0
Tin; K 120
Uin; m=s 30:0
out; kg=m
3 56:0
Tout; K 300
ch; kg=m
3 56:0
Tch; K 300
Uout; m=s 92:0 130:0 183:0 225:0
J 1:0 2:1 4:0 6:0
Uout=Uin 3:07 4:33 6:1 7:5
ReH(105) 1:8
Reh(105) 1:3 1:9 2:7 3:3
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?????? Table 4.2????? 40??????????Middle??????? 22??
??????Coarse??? 60 ?????????Fine?????????????????
Rn = 0H ? 2H ? 2?????????????? t = 0:25H ??????? Table 4.1?
J2??????????????????????????????????? 1????
?? y+ ' 1:5??????????????????????????????????
??????
Figure 4.4????????????????????????????????????
??????
 = (  ch)=(in   ch) (4.1)
Rn = 0H ?????????????????????????????????????
????????????x=H > 2????????????? Coarse?????????
???????????????????????????Middle?????? Fine???
???????????????????????????????????Rn = 2H ??
????????????????????????? Middle?????????????
??????????????????????????????????????????
??????
48 ? 4? ??????? 2?????????????
LN2
GN2
GN2
Fig. 4.2: Schematic of computational region.
300H
100H
50h
50H
x 
y
(a) Overall view
(b) Near-injector view of Rn = 0H grid (c) Near-injector view of Rn = 2H grid
Fig. 4.3: Computational grids for co-owing planar jet simulation. Every two-grid points
are shown.
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Table 4.2: Number of the grid points in the axial and transverse direction, and total
number of the grid points used in grid sensitivity study.
Chamber Inner Outer Recess Total (Recessed grid)
Coarse 351 507 201 131 141 55 141 327 2:20 105(2:66 105)
Middle 501 661 231 181 171 81 205 461 4:01 105(4:95 105)
Fine 621 811 251 211 191 101 241 571 5:95 105(7:33 105)
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Fig. 4.4: Mean density prole on the inner-jet centerline for Coarse, Middle, and Fine
grid.
50 ? 4? ??????? 2?????????????
4.3 ?????????????
?????????????????????????????????????????
??????? t? 0:25H ?????????? Rn? 0H?1H?2H?4H ???????
????????????????????? Fig. 4.5?????????????????
????? J ? 1?2?4?6???????
Rn=0H 
(Non-recessed)
Rn=1H Rn=2H Rn=4H 
H
Fig. 4.5: Schematics of recessed co-planar injectors.
4.3.1 ????
???????????????????????????????????????
Fig. 4.6 ?????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????? 1 ???? [6]?Figure 4.6(b) ?????????????
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
Kelvin-Helmholtz??????????????????????????????????
??????????????????????????????????????????
???????????????????????????????Davis [23]??????
???????????????????? 2?????????????????????
???????
????????????????????????????????????? J = 2?
????????? Fig. 4.7????Rn = 1?2?4H ????????????Rn = 0H ?
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??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????? Fig. 4.7(b)
?????? Rn = 4? x=H  1??????????????????????????
???????????????????
4.3.2 ??????????
Figure 4.8??J = 2???????????????????????????????
????????????????
T  = (T   Tin)=(Tch   Tin) (4.2)
??????????????????????????????????????????
??????????????????????????????????????????
?????????Rn = 1?2?4H????????????? x=H = 0:5????????
??? x=H = 1:0   1:8??????????????????????????????
??????????????????????????????????????????
?????????????????????????Figure 4.9??J = 2???????
??? u???????????????x=H = 1??????????????????
????? 2????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????Fig. 4.7????????????????
???????????????????????Fig. 4.8a??????????????
???????
Figure 4.10???????????????????RMS??????????????
??????????????
0:5(u0u0 + v0v0)=Uout (4.3)
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????Fig. 4.10(a) ???????
?????????????????????????????????????Fig. 4.7(b)
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(a) Normalized density (b) Absolute vorticity
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Fig. 4.6: Instantaneous elds of the normalized density and vorticity with varying the J
value at Rn = 0.
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Fig. 4.7: Instantaneous elds of the normalized density and vorticity with varying the Rn
at J = 2.
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?????????????????????????????????????????
?????????????????????????????????????????
???????????????????????????/??????????????
?????????????????????Biancoore???????????????
????????????? LES [69]????????????????????????
??????????????????????Biancoore ??????????????
??????????????????????????????????????????
Biancoore????????????????????????????????????
???????????Figure 4.11??J = 2????????????????????
??????????????????????????????????????????
?/???????????????????????????????????
Figure 4.12??J = 2?????????????
p
00=in ????????????
?????????? x=H = 0:6????????????x=H = 1:0   1:8??????
???????Figure 4.8??????????????????????????????
??????????????????????????????????????????
? ' 0:9?????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
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Fig. 4.8: Mean proles on the inner jet centerline for J = 2.
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Fig. 4.9: Mean streamwise velocity proles on the transverse direction for J = 2.
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Fig. 4.10: Contours of root-mean-square streamwise velocity uctuations and uctuation
intensities for J = 2.
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Fig. 4.11: Fluctuation intensities on the
jet centerline for J = 2.
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Fig. 4.12: Root-mean-square density
uctuations on the jet centerline for J =
2.
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4.3.3 ?????????????????
??????????????????????????????Figure 4.13 ? J = 1?
4?6???????????????????Figure 4.8(a)????????J = 2???
?????????????????????????????????????????
????????????Fig. 4.13(a)???????J = 1??????????????
?????????????????????????????????????????
? J = 4?6?Fig. 4.13(a)?(b)???????????????????????????
?????????????????????????????????????????
??J = 1???????? x=H = 1:0  2:0?????????????????????
? J = 2????Fig. 4.8(a)?????????????????J = 4? 6???????
?????????Figure 4.14??J = 1?4?6?????????????? RMS??
??J = 1? 2?Fig. 4.12??????????????????????????????
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Fig. 4.13: Mean density proles on the inner jet centerline for J = 1, 4, and 6.
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?????????J = 4? 6????????????????????????????
???????
?????????????????????????????????? 4.3.2????
?????????????????????/????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
?/????????????????????????????????????????
??????????????????????????????????????????
??????????Figure 4.13??????????????????????????
??????????????????????????????????????????
??? 4.3.2????????????????????????????????????
??????????????????????????????????????????
J = 4?6?????????????????????????????????????
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Fig. 4.14: Root-mean-square density uctuation proles on the inner jet centerline for
J = 1, 4, and 6.
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??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????
Figure 4.15 ??????????????????????????????????
???????????????????  ? 0.5 ???????????????Fig-
ure 4.15(a)????????????????????????????????????
??????????????????????????????????????????
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Fig. 4.15: Change of inner jet length L to the momentum ux ratio and recess length.
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Figures 4.16? 4.17????????? v0 ?????????????????????
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???????????????????????????? Juniper??????? [65,68]
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??????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????
4.3 ????????????? 61
Rn=0 Rn=2
A
B C
A
B C
0.0e+00
4.0e-04
8.0e-04
1.2e-03
0 50 100 150 200 250
P
o
w
er
sp
ec
tr
a
o
f
v
′
/
U
o
u
t
Frequency, kHz
75
0 50 100 150 200 250
Frequency, kHz
75
Rn0J2 Rn2J2
(a) Probe A, x=H = 2:0; y=H = 0:5
0.0e+00
1.0e-05
2.0e-05
0 50 100 150 200 250
P
o
w
er
sp
ec
tr
a
o
f
v
′
/
U
o
u
t
Frequency, kHz
0 50 100 150 200 250
Frequency, kHz
43
0e+00
1e-06
2e-06
3e-06
0 50 100
35
Rn0J2 Rn2J2
(b) Probe B, x=H = 0:5; y=H = 0:0
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(c) Probe C, x=H = 4:0; y=H = 0:0
Fig. 4.16: Power spectra of transverse velocity uctuations for J = 2.
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(a) Probe A, x=H = 1:0; y=H = 0:5
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(b) Probe B, x=H = 0:5; y=H = 0:0
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(c) Probe C, x=H = 3:0; y=H = 0:0
Fig. 4.17: Power spectra of transverse velocity uctuations for J = 6.
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??????????????????????????????????????? t?
0:1H ?? 0:25H?0:5H ??????????????????????????????
????? Rn = 2H ????????????????????????????????
? Fig. 4.18??????????Table 4.1???? J = 2??????????????
????????????Rn0t01????? Rn = 0H?t = 0:1H ???????????
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Fig. 4.18: Schematics of co-planar injectors.
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Figure 4.19???????????????????????????????????
??????????????????? 4.3.1 ???????????????????
??????????????????????????????????????????
??????????????????????????????????????????
????????????????????????? t = 0:1H ????????????
??????????????????????????????????????????
??????????????????????????????????????????
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?????????????????????????
????????????? Fig. 4.20 ??????????????????????
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Fig. 4.19: Instantaneous elds of the normalized density and vorticity with varying the
post lip height.
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??????????????????????????????????????????
????????????Schmitt??????????? [51]?????????
??????????????????????????????? Fig. 4.22?????
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?????????????????????????????????????????
????????????Figure 4.23????????????????????????
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??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
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Fig. 4.20: Mean streamwise velocity contours with varying the post lip height.
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Fig. 4.21: Mean streamwise velocity prole on the centerline.
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Fig. 4.22: Instantaneous elds of the normalized density in the recessed and non-recessed
cases.
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Fig. 4.23: Mean normalized density prole on the centerline.
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Fig. 4.24: Change of inner jet length L to the post height t.
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4.4.2 ????????????
?????????????????? Figs. 4.25? 4.26????????? Fig.4.22?
????????????????? A??????????????????? B???
???Fig.4.25(a)?????????????????????????????????
??????????????????????????????????????????
???????f ????????????????????????????????
Stt =
ft
Uconv
(4.4)
????Uconv ???????????????????????? Papamoschou ?
Roshko [107]??????????
Uconv =
Uin +
 
out
in
!0:5
Uout
1 +
 
out
in
!0:5 (4.5)
?????????????????????????? Table 4.3???????????
Ruiz?????????????????? 2?? DNS [44]?Zong??????/????
???? LES [43]?Schmitt??????/??????? LES [51]???????????
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?????????????t = 0:1H ???????????? 0.25H?0.5H ??????
??????????????????????????????????????????
??????????????????????????????????????????
??????????Table 4.3?????????????? 0.15-0.30????????
??????? 2 ?? LES ?????????????Stt = 0:14   0:17???Ruiz ??
2?? DNS [44]????Stt = 0:15   0:18???????????Schmitt? [51]? Zong
? [43]?????????? 2?????????????????????
????????????? Fig. 4.25(b) ?????????????????????
??????????????????????????????????????????
????????????????????????????
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??????????????????????????????????????????
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(b) Rn = 2H
Fig. 4.25: Power spectra of transverse velocity uctuation obtained at Probe A in Fig.4.22:
x=H = 0:5; y=H = 0:5.
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Fig. 4.26: Power spectra of transverse velocity uctuation obtained at Probe B in Fig.4.22:
x=H = 2:0; y=H = 0:0.
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Table 4.3: Strouhal numbers based on post lip height.
Stt
Rn0t01 0.144
Rn0t025 0.171
Rn0t05 0.174
Schmitt et al. [51], N2/N2 coaxial jet 0.25-0.30
Ruiz [44], LOX/H2 2D mixing layer 0.15-0.18
Zong et al. [43], LOX/CH4 ame 0.20
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4.5 ???
?????????????????????????????????????????
???????????????????????? 3?????????????????
?? 2????????????????????????
?????????????
- ???????????????????????????????????????
???????????????????????????????????????
???????????????????
- ???????????????????????????????????????
???????????????????????????????????????
???????????????????????
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???????????????????????????????????????
???????????????????????????????????????
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?????????????????????????????????????
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- ???????????????????????????????????????
???????????????????????????????????????
??????????????????????????????
- ???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
??????????????????????
- ?????????????????? 0.14?? 0.17??????????????
???????????????????????????????????????
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?????3???????????????????????????????????
??????????????????????????????????????????
??????????????????????/???????????????????
?????????????????????2?????????????????? 2?
?????????????
5.1 ????
?????????? Fig. 5.1????? Table 5.1?????????????????
??????????????????????????????????H ? 0.5 mm??
?????? h? 0.25 mm?????? t? 0.125 mm????????????????
??????????? Tani???????? [61]????????????Table 5.1?
Tani??????? [61]??????????????????????????????
????????????????????? 4?? 2????????????t025???
?????????????? Table 5.2?????????????? 5 MPa?????
????????????????????????? J ? 1?2?6???????????
????? Rn = 2D ??????????J ? 2?6?????????????????
?????Rn2J1????? Rn = 2D?J = 1??????????????
?????????????????? Figs. 5.2? 5.3???????????????
?? 2???????????????????????????????????????
300D??? 100D ????????????????????????? 50D??????
???? 50h????Figure 5.3(c)?????????????????????????
????????????????????????????????? 25D  10D ???
??????????????????????????????????????????
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??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????? 1?????? y+ ' 1:0?????
???????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????? [13]????????????????
??????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
???????
x = 0???????????????????????x = 300D ??????????
??????????????????????????????????? 3 ?????
?????????????????????? SLAU???????????? LU-SGS
????????????????? ILES/RANS ?????????? CFL ????
y+ = 80???? 1?????????????????????????????????
? CFL?? 1??????????????? 5?????
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Fig. 5.1: Schematic of coaxial injector used in the present study.
5.1 ???? 77
Table 5.1: Conguration of coaxial injector.
Present Tani [61]
D, mm 0.5 2
t, mm 0.125 0.5
h, mm 0.25 1
Do, mm 1.25 5
Rn 0, 2D 0
Table 5.2: Condition of coaxial jet simulations.
J1 J2 J6
p; MPa 5:0
in; kg=m
3 522:0
Tin; K 122
Uin; m=s 30:0
out; kg=m
3 56:0
Tout; K 300
Uout; m=s 92:0 130:0 225:0
ch; kg=m
3 56:0
Tch; K 300
J 1:0 2:1 6:0
Uout=Uin 3:07 4:33 7:5
ReD(105) 1:8
ReDo(105) 3:4 4:8 8:3
50D
50h 
D 
300D 
100D 
GN2
GN2
LN2
x
z
Fig. 5.2: Schematic of computational region in the coaxial jet simulation.
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300D
100D
 
x
y
z
(a) Overall view
(b) Near-injector view from x direction
25D
10D
(c) Rn = 0D grid and Rn = 2D grid
Fig. 5.3: Computational grid used in the coaxial jet simulation. Every two grid points
are only shown.
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2????????????????????????????????????????
???????????????????? Table 5.3????Rn = 0D ????????
???????? 750 ???? 2800 ????????????????????????
????????????????? y+ ' 1:0???????????????????
?????????????? CFL??????????????Table 5.2? J2????
???
Figure 5.4????????????????????????????????????
?????????????????????????Coarse??????? x=D ' 10?
??????????????????????????????????????????
? Fig. 5.5?????????????????????????????????????
??????????????Coarse????????????????????????
??????????????????????????????????????????
??????????????????????????????? Fig. 5.6???????
????????????????????????
 = (  ch)=(in   ch) (5.1)
T  = (T   Tin)=(Tch   Tin) (5.2)
Coarse ?????????x=D > 4 ????????????????????????
???????????????????? Fig. 5.7 ?????????????????
Coarse??????????????????????????????????????
??????Middle??????????????????
Figure 5.8????????????????????? v0?????????? Fig. 5.9
????????????? Fig. 5.8?????????????????????????
??? Fig. 5.9???????????????????????????????????
????????????????????????  5=3???????????????
Table 5.3: Number of the grid points of the grid in axial, circumferencial, and radial
direction used in grid sensitivity study.
Chamber Inner Outer Total
(a) Coarse 255 155 155 141 155 31 121 155 35 7:46 106
(b) Middle 345 155 175 141 155 35 121 155 41 10:9 106
(c) Fine (Baseline) 451 155 209 141 155 41 121 155 55 16:5 106
(d) Ultra Fine 645 155 251 145 155 51 121 155 71 27:6 106
80 ? 5? ??????? 3???????????
????????????????????????????????  5=3???????
??????????????????????????????? ILES????????
??????????????????????????????????????????
? A?C??????????????? B??????????????????????
??????????????????????????????????????????
???Coarse???Middle???????????????????????
????????????Coarse?????????????????????????
???? Middle ?????????????????????????????????
??Middle????????????????? Fine?????????????????
??????????????????????????????????
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(a) Coarse, 255 ×	155	× 155 (Chamber) 122 305T, K
(b) Middle, 345 ×	155	× 175 (Chamber)
(c) Fine, 451 ×	155	× 209 (Chamber)
(d) Ultra Fine, 645 ×	155	× 251 (Chamber)
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Fig. 5.4: Instantaneous temperature contours.
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(a) Coarse, 255 ×	155	× 155 (Chamber)
(b) Middle, 345 ×	155	× 175 (Chamber)
(c) Fine, 451 ×	155	× 209 (Chamber)
(d) Ultra Fine, 645 ×	155	× 251 (Chamber)
Fig. 5.5: Near-injector views of instantaneous temperature.
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Fig. 5.6: Mean proles on the centerline.
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Fig. 5.7: Mean centerline velocity prole on the radial direction.
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Fig. 5.8: Probe locations which radial velocity uctuation obtained.
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(b) Probe B, x=H = 4:0; y=H = 1:25
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(c) Probe C, x=H = 6:0; y=H = 0:5
Fig. 5.9: Power spectra of transvserve velocity ucutuation.
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5.3.1 ????
?????? J = 2?????????????????? Fig. 5.10?????????
??????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????? Fig. 5.11??????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?Kelvin-Helmholtz?????????????????????????????????
??????????????????????????????????????????
???????????????????
Figure 5.12???????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
?????
?????????????????Fig. 5.13???????????????????
???????????  = 0:3???????????????????????????
??????????????????????????????????????????
?????????comb-like structure????????????????????????
???? 1???? [6]???????????????????????????????
????? x=D  1:5???????????????????????????????
???????Figure 5.13? 2???????????????????????????
????????????????????????????????????
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Fig. 5.10: Instantaneous ow elds: (a) normalized density, (b) streamwise velocity.
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Fig. 5.11: Near-injector ow eld.
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Fig. 5.12: Instantaneous eld of constant pressure specic heat.
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Fig. 5.13: Near-injector ow elds: (a) normalized density, (b) Density isosurface corre-
sponds to  = 0:3 colored by the streamwise velocity.
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5.3.2 ???
Figure 5.14? Q?????????????????? Q?????????????
??????????????
Q =
1
2
(WijWji   SijSji) (5.3)
????Sij ?Wij ????????????????????????????
Sij =
1
2

@ui
@xj
+
@uj
@xi

; Wij =
1
2

@ui
@xj
  @uj
@xi

(5.4)
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??????????????????????????????????????????
??????????????????????????????????????????
???????Figure 5.14???????? 45????????????????????
??????? Fig. 5.15????????????Fig. 5.13??????????????
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??????????????????????????????????????????
????????????????????????????????????/?????
?????????????????????????/????????????????
???????
???????????????????????????????????Proper
Orthogonal Decomposition?POD? [108{111] ??????????????POD ???
??????????????????????????????????????????
???????????????????????????????? POD???????
???????????????? POD???????????????????????
????????????? [109, 112]????? POD ?? Freund ? [109] ??????
??????????????????????????????????????????
?? POD?????
J = 2 ????????????? POD ???? Fig. 5.16 ???????M ? POD
????????????0??1???????????????????POD?????
??? 1?? 3?? 5?????????????POD? 2????? 1????? 3???
?? 4????? 5????? 6??????????? [109, 110]???????????
?????????????????0????????????????????????
???????????1? POD????M = 1???????????????????
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Fig. 5.14: Iso-surface of the Q value colored by the temperature.
122 305
T, K
Plotting range Viewing
Large-scale structure
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Fig. 5.15: Near-eld of iso-surface of the Q value colored by the temperature.
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Fig. 5.16: 1st, 3rd, and 5th POD modes for J = 2.
92 ? 5? ??????? 3???????????
5.4 ?????????
5.4.1 ??????
Figure 5.17???????? J = 1?2?6?????????????????????
??????????????????????????????????????J = 1?
?????????????????????????????J = 6??????????
??????????????????????????J ???????????????
???????????????????????????????? Ref. [23]??????
(a) Rn0J1
(b) Rn0J2
(c) Rn0J6
122 305
T, K
Fig. 5.17: Instantaneous temeprature contours.
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Fig. 5.18: Mean pro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Fig. 5.19: Mean constant pressure specic heat proles on the centerline.
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Fig. 5.20: Mean streamwise velocity elds. The iso-contour of zero-velocity is also shown
as white lines.
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Fig. 5.21: Radial proles of mean streamwise velcoity.
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Fig. 5.24: Contours of the root-mean-square of streamwise and radial velocity uctuations
and the turbulent kinetic energy.
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Fig. 5.25: Turbulent kinetic energy proles on the centerline.
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les on the centerline.
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Fig. 5.27: Inner jet length RMS.
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Fig. 5.29: Mean normalized density and temperature proles on the centerline.
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Fig. 5.30: Iso-surface of the pressure colored by the temperature.
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Fig. 5.31: Mean streamwise velocity contours at J = 2.
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Fig. 5.34: Flow structure in recessed coaxial injector.
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dimensional (bottom, 2D) results.
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Fig. 5.38: Eects of the recess on the centerline density in three-dimensional and two-
dinemsional (-2D) results.
112 ? 5? ??????? 3???????????
5.7 ???
?????????????? 3??????????????????????????
????????????????????????????????????
- ???????????????????????????????????????
????????????????????????????
- ???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
??????
- ???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
????/??????????????????????????????????
?????????????????????????????
- ???????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????
- ???????????????????????????????????????
?????????????????????????
- ???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????/???????????????????
????????
- 3????? 2???????????2????????????????????
???????????????????????????????3???????
?????????????????????????????????????2?
???????????????????????????????????????
??????????????????????2?????? 3?????????
????????????
113
? 6?
??
????????????????????????????????????????
??????????????????????????????????????????
?????????????????????
?????????????????????????????????????????
?????????????? 2???????????????????????????
????????????????????????????3?????????????
??????????????????????????????????????????
????????????
????????
?????????????????????????????????????????
????????????? SRK??????????????????????????
??????????????????????????????????????????
?????????????????? ILES/RANS??????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???
?????????????
??????????????????? 2?????????????????????
??????????????????????????????????????????
?? 2???????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
114 ? 6? ??
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????? 2???????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????/??????????????????????????????
??????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????? 2???????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????
??????????
?????????????????? 3??????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
????????????????????????????/?????????????
?????????????????????????????????????????/
??????????????????/???????????????????????
115
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??/???????????????????????????????????????
???????????
????3????? 2???????????????2??????????????
?????3????????????????????????????????????
?????????????????? 2???????????????????????
???????????????????

117
????
[1] ????, ????, ????, ????, \????????????????????
?????????????? 3????????????????????????
??," ???????, Vol. 58, No. 677, 2010, pp. 11{17.
[2] Airbus, \Space Propulsion, Vulcain Rocket Engine - Thrust Chamber,"
http;//www.space-propulsion.com/launcher-propulsion/rocket-engines/vulcain-
rocket-engine.html, accessed 12th, June, 2016.
[3] Singla, G., Scouaire, P., Rolon, C., and Candel, S., \Planar Laser-Induced Fluo-
rescence of OH in High-pressure Cryogenic LOx/GH2 Jet Flames," Combustion and
Flame, Vol. 144, No. 1-2, 2006, pp. 151{169.
[4] ???, \??????????????????????," ???, Vol. 24, 2005,
pp. 307{314.
[5] Mayer, W. and Tamura, H., \Propellant Injection in a Liquid Oxygen/Gaseous
Hydrogen Rocket Engine," Journal of Propulsion and Power , Vol. 12, No. 6, 1996,
pp. 1137{1147.
[6] Chehroudi, B., Cohn, R., and Talley, D., \Cryogenic Shear Layers: Experiments
and Phenomenological Modeling of the Initial Growth Rate under Subcritical and
Supercritical Conditions," International Journal of Heat and Fluid Flow , Vol. 23,
2002, pp. 554{563.
[7] National Institute of Standards and Technology (NIST), \NIST Standard Reference
Database Number 69, Thermophysical Properties of Fluid Systems," accessed 1st,
May, 2016.
[8] ????, \???????????????????????????????," ??
???, 62, 2009, pp. 895{897.
[9] Mayer, W., Schik, A., Woodward, R., and Talley, D., \Atomization and Breakup
of Cryogenic Propellants under High-Pressure Subcritical and Supercritical Condi-
tions," Journal of Propulsion and Power , Vol. 14, No. 5, 1998, pp. 835{842.
[10] Mayer, W., Telaar, J., Branam, R., Schneider, G., and Hussong, J., \Raman Mea-
surements of Cryogenic Injection at Supercritical Pressure," Heat and Mass Trans-
118 ????
fer , Vol. 39, No. 8-9, 2003, pp. 709{719.
[11] ???, ???????????????????????????????????
??, Ph.D. thesis, ????, 2012.
[12] Oschwald, M., Smith, J. J., Branam, R., Hussong, J., Schik, A., Chehroudi, B.,
and Talley, D., \Injection of Fluids Into Supercritical Environments," Combustion
Science and Technology , Vol. 178, No. 1-3, 2006, pp. 49{100.
[13] Chehroudi, B., \Recent Experimental Eorts on High-Pressure Supercritical Injec-
tion for Liquid Rockets and Their Implications," International Journal of Aerospace
Engineering , Vol. 2012, 2012.
[14] Kwan, A. S. H. and Ko, N. W. M., \Coherent Structures in Subsonic Coaxial Jets,"
Journal of Sound and Vibration, Vol. 48, No. 2, 1976, pp. 203{219.
[15] Ko, N. W. M. and Kwan, A. S. H., \The Initial Region of Subsonic Coaxial Jets,"
Journal of Fluid Mechanics, Vol. 73, No. 2, 1976, pp. 305{332.
[16] Kwan, A. S. H. and Ko, N. W. M., \The Initial Region of Subsonic Coaxial Jets.
Part 2," Journal of Fluid Mechanics, Vol. 82, No. 2, 1977, pp. 237{287.
[17] Ko, N. W. M. and Au, H., \Coaxial Jets of Dierent Mean Velocity Ratios," Journal
of Sound and Vibration, Vol. 100, No. 2, 1985, pp. 211{232.
[18] Au, H. and Ko, N. W. M., \Coaxial Jets of Dierent Mean Velocity Ratios. Part
2," Journal of Sound and Vibration, Vol. 116, No. 3, 1987, pp. 427{443.
[19] Dahm, W. J. A., Frieler, C. E., and Tryggvason, G., \Vortex Structure and Dynam-
ics in the Near eld of a Coaxial jet," Journal of Fluid Mechanics, Vol. 241, 1992,
pp. 371{402.
[20] da Silva, C. B., Balarac, G., and Metais, O., \Transition in High Velocity Ratio
Coaxial Jets Analysed from Direct Numerical Simulations," Journal of Turbulence,
Vol. 4, No. 24, 2003, pp. 1{18.
[21] Balarac, G., Metais, O., and Lesieur, M., \Mixing Enhancement in Coaxial Jets
Through Inow Forcing: A Numerical Study," Physics of Fluids, Vol. 19, No. 7,
2007.
[22] Telaar, J., Schneider, G., and Mayer, W., \Experimental Investigation of Breakup of
Turbulent Liquid Jets," 16th Annual Conference on Liquid Atomization and Spray
Systems, 2000.
[23] Davis, D. W., On the Behavior of a Shear-Coaxial Jet, Spanning Sub- to Supercritical
Pressures, with and without an Externally Imposed Transverse Acoustic Field , Ph.D.
thesis, Pennsylvania State University, 2006.
[24] Rodriguez, J. I., Leyva, I. a., Chehroudi, B., and Talley, D., \Results on Subcritical
One-Phase Coaxial Jet Spread Angle and Subcritical to Supercritical Acoustically-
Forced Coaxial Jet Dark Core Lengths," 44th AIAAASMESAEASEE Joint Propul-
119
sion Conference and Exhibit , AIAA 2008-4561, Hartford, Connecticut, 2008.
[25] Leyva, I. A., Rodriguez, J. I., Chehroudi, B., and Talley, D., \Preliminary Results
on Coaxial Jets Spread Angles and the Eects of Variable Phase Transverse Acoustic
Fields," 46th AIAA Aerospace Sciences Meeting and Exhibit , AIAA 2008-950, Reno,
Nevada, 2008.
[26] Rodriquez, J. I., Leyva, I. A., Graham, J. J., and Talley, D., \Mixing Enhance-
ment of Liquid Rocket Engine Injector Flow," 45th AIAA/ASME/SAE/ASEE Joint
Propulsion Conference and Exhibit , AIAA 2009-5143, Denver, Colorado, 2009.
[27] Teshome, S., Droplet Combustion and Non-Reactive Shear-Coaxial Jets with Trans-
verse Acoustic Excitation, Ph.D. thesis, University of California, 2012.
[28] Masquelet, M. M., Large-Eddy Simulations of High-Pressure Shear Coaxial Flows
Relevant for H 2 / O 2 Rocket Engines Large-Eddy Simulations of High-Pressure
Shear Coaxial Flows, Ph.D. thesis, Georgia Institute of Technology, 2013.
[29] Pope, S. B., Turbulent Flows, Cambridge University Press, 2000.
[30] Zong, N., Meng, H., Hsieh, S.-Y., and Yang, V., \A Numerical Study of Cryo-
genic Fluid Injection and Mixing under Supercritical Conditions," Physics of Fluids,
Vol. 16, No. 12, 2004, pp. 4248{4261.
[31] Schmitt, T., Selle, L., Cuenot, B., and Poinsot, T., \Large-Eddy Simulation of
transcritical ows," Comptes Rendus Mecanique, Vol. 337, 2009, pp. 528{538.
[32] Schmitt, T., Ruiz, A., and Cuenot, B., \Large-Eddy Simulation of Supercritical-
Pressure Round Jets," AIAA Journal , Vol. 48, No. 2133-2144, 2010.
[33] Cutrone, L., Ihme, M., and Herrmann, M., \Modeling of High-Pressure Mixing and
Combustion in Liquid Rocket Injectors," Center for Turbulence Research Proceed-
ings of the Summer Program 2006 , 2006.
[34] Park, T. S., \LES and RANS Simulations of Cryogenic Liquid Nitrogen Jets," The
Journal of Supercritical Fluids, Vol. 72, 2012, pp. 232{247.
[35] Terashima, H. and Koshi, M., \Unique Characteristics of Cryogenic Nitrogen Jets
Under Supercritical Pressures," Journal of Propulsion and Power , Vol. 29, No. 6,
2013, pp. 1328{1336.
[36] ????, ???, \???????????? LES????????????," ? 26
?????????????, 161, 2012.
[37] Terashima, H. and Koshi, M., \Approach for Simulating Gas-Liquid-like Flows under
Supercritical Pressures using a High-Order Central Dierencing Scheme," Journal
of Computational Physics, Vol. 231, No. 20, 2012, pp. 6907{6923.
[38] ????, ???, \?????????????," ???, Vol. 31, 2012, pp. 351{356.
[39] Kawai, S., Terashima, H., and Negishi, H., \A Robust and Accurate Numerical
Method for Transcritical Turbulent Flows at Supercritical Pressure with an Arbi-
120 ????
trary Equation of State," Journal of Computational Physics, Vol. 300, 2015, pp. 116{
135.
[40] Lele, S. K., \Compact Finite Dierence Schemes with Spectral-like Resolution,"
Journal of Computational Physics, Vol. 103, No. 1, 1992, pp. 16{42.
[41] Oefelein, J. C. and Yang, V., \Modeling High-Pressure Mixing and Combustion
Processes in Liquid Rocket Engines," Journal of Propulsion and Power , Vol. 14,
No. 5, 1998, pp. 843{857.
[42] Oefelein, J. C., \Thermophysical Characteristics of Shear-Coaxial LOX-H2 Flames
at Supercritical Pressure," Proceedings of the Combustion Institute, Vol. 30, No. 2,
jan 2005, pp. 2929{2937.
[43] Zong, N. and Yang, V., \Supercritical LOX/Methane Flame Stabilization and Dy-
namics of a Shear Coaxial Injector," 44th Aerospace Sciences Meeting and Exhibit ,
AIAA 2006-760, Reno, Nevada, jan 2006.
[44] Ruiz, A., Unsteady Numerical Simulations of Transcritical Turbulent Combustion
in Liquid Rocket Engines, Ph.D. thesis, Universite de Toulouse, 2012.
[45] Masquelet, M. and Menon, S., \Large-Eddy Simulation of Flame-Turbulence Inter-
actions in a Shear Coaxial Injector," Journal of Propulsion and Power , Vol. 26,
No. 5, 2010, pp. 924{935.
[46] Matsuyama, S., Shinjo, J., Ogawa, S., and Mizobuchi, Y., \Large Eddy Simula-
tion of LOx/GH2 Shear-Coaxial Jet Flame at Supercritical Pressure," 48th AIAA
Aerospace Sciences Meeting Including the New Horizons Forum and Aerospace Ex-
position, AIAA 2010-208, Orlando, Florida, 2010.
[47] Tucker, P. K., Menon, S., Merkle, C. L., Oefelein, J. C., and Yang, V., \An Ap-
proach to Improved Credibility of CFD Simulations for Rocket Injector Design,"
43rd AIAAASMESAEASEE Joint Propulsion Conference and Exhibit , AIAA 2007-
5572, Cincinnati, Ohio, 2007.
[48] Tucker, P., Menon, S., Merkle, C., Oefelein, J., and Yang, V., \Validation of High-
Fidelity CFD Simulations for Rocket Injector Design," 44th AIAAASMESAEASEE
Joint Propulsion Conference and Exhibit , AIAA 2008-5226, Hartford, Connecticut,
2008.
[49] Liu, T., Zong, N., and Yang, V., \Dynamics of Shear-Coaxial Cryogenic Nitrogen
Jets with Acoustic Excitation under Supercritical Conditions," 44th Aerospace Sci-
ences Meeting and Exhibit , AIAA 2006-759, Reno, Nevada, 2006.
[50] Hosangadi, A., Lee, C. P., Kannepalli, C., and Arunajatesan, S., \Three-
Dimensional Hybrid RANS/LES Simulations of a Supercritical Liquid Nitrogen
Jet," 44th AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit , AIAA
2008-5227, Hardford, Connecticut, 2008.
121
[51] Schmitt, T., Rodriguez, J., Leyva, I. A., and Candel, S., \Experiments and Nu-
merical Simulation of Mixing under Supercritical Conditions," Physics of Fluids,
Vol. 24, No. 055104, 2012.
[52] Terashima, H. and Koshi, M., \Numerical Study on Mixing Characteristics of Coax-
ial Cryogenic N2/H2 Injection under Supercritical Pressure," 52nd Aerospace Sci-
ences Meeting, AIAA SciTech, AIAA 2014-0307, National Harbor, Maryland, 2014.
[53] Muller, H., Ptzner, M., Matheis, J., and Hickel, S., \Large-Eddy Simulation of
Coaxial LN2/GH2 Injection at Trans- and Supercritical Conditions," Journal of
Propulsion and Power , Vol. 32, No. 1, 2016, pp. 46{56.
[54] Juniper, M. and Candel, S., \Edge Diusion Flame Stabilization Behind a Step
over a Liquid Reactant," Journal of propulsion and power , Vol. 19, No. 3, 2003,
pp. 332{341.
[55] Singla, G., Scouaire, P., Rolon, J., and Candel, S., \Flame Stabilization in High
Pressure LOx/GH2 and GCH4 Combustion," Proceedings of the Combustion Insti-
tute, Vol. 31, No. 2, 2007, pp. 2215{2222.
[56] Ruiz, A., Cuenot, B., Selle, L., and Poinsot, T., \The Flame Structure of a
Turbulent Supercritical Hydrogen/Oxygen Flow Behind a Splitter Plate," 47th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit , AIAA 2011-
6121, 2011.
[57] Mari, R., Cuenot, B., Duchaine, F., and Selle, L., \Stabilization Mechanisms of a
Supercritical Hydrogen/Oxygen Flame," Proceedings of the Summer Program 2012,
Center for Turbulence Research, 2012, pp. 439{448.
[58] Teshome, S., Leyva, I. A., Talley, D. G., and Karagozian, A. R., \Geometry Eects
on Steady and Acoustically Forced Shear-Coaxial Jet Sprays," 12th Triennial In-
ternational Conference on Liquid Atomization and Spray Systems (ICLASS 2012),
Heidelberg, 2012.
[59] Kendrick, D., Herding, G., and Scouaire, P., \Eects of a Recess on Cryogenic
Flame Stabilization," Combustion and Flame, Vol. 118, No. 3, 1999, pp. 327{339.
[60] Lux, J. and Haidn, O., \Eect of Recess in High-Pressure Liquid Oxygen/Methane
Coaxial Injection and Combustion," Journal of Propulsion and Power , Vol. 25,
No. 1, 2009, pp. 24{32.
[61] Tani, H., Teramoto, S., and Okamoto, K., \Eects of Injector Geometry on Cryo-
genic Shear Coaxial Jets at Supercritical Pressures," Journal of Propulsion and
Power , Vol. 31, No. 3, 2015, pp. 883{888.
[62] Nunome, Y., Sakamoto, H., Tamura, H., Kumakawa, A., Amagasaki, S., and In-
amura, T., \An Experimental Study of Super-pulsating Flow on a Shear Coaxial
Injector with a Recessed Inner Post," 43rd AIAA/ASME/SAE/ASEE Joint Propul-
122 ????
sion Conference & Exhibit , AIAA 2007-5560, Cincinnati, Ohio, 2007.
[63] Candel, S., Juniper, M., Singla, G., Scouaire, P., and Rolon, C., \Structure and
Dynamics of Cryogenic Flames at Supercritical Pressure," Combustion Science and
Technology , Vol. 178, No. 1-3, 2006, pp. 161{192.
[64] Biancoore, L., Gallaire, F., and Pasquetti, R., \Inuence of Connement on a
Two-Dimensional Wake," Journal of Fluid Mechanics, Vol. 688, 2011, pp. 297{320.
[65] Juniper, M. P., \The Eect of Connement on the Stability of Two-Dimensional
Shear Flows," Journal of Fluid Mechanics, Vol. 565, 2006, pp. 171{195.
[66] Juniper, M. P., \The Eect of Connement on the Stability of Non-Swirling Round
Jet/Wake Flows," Journal of Fluid Mechanics, Vol. 605, 2008, pp. 227{252.
[67] Rees, S. J. and Juniper, M. P., \The Eect of Connement on the Stability of Viscous
Planar Jets and Wakes," Journal of Fluid Mechanics, Vol. 656, 2010, pp. 309{336.
[68] Juniper, M. P. and Candel, S. M., \The Stability of Ducted Compound Flows and
Consequences for the Geometry of Coaxial Injectors," Journal of Fluid Mechanics,
Vol. 482, 2003, pp. 257{269.
[69] Biancoore, L., Gallaire, F., and Pasquetti, R., \Inuence of connement on
obstacle-free turbulent wakes," Computers and Fluids, Vol. 58, 2012, pp. 27{44.
[70] Kim, B.-D., Heister, S. D., and Collicott, S. H., \Three-Dimensional Flow Simu-
lations in the Recessed Region of a Coaxial Injector," Journal of Propulsion and
Power , Vol. 21, No. 4, 2005, pp. 728{742.
[71] Tani, H., Teramoto, S., and Nagashima, T., \Injector Geometry Eects on Cryo-
genic Coaxial Jets at Supercritical Pressures," 46th AIAA/ASME/SAE/ASEE Joint
Propulsion Conference & Exhibit , AIAA 2010-6738, Nashville, Tennessee, 2010.
[72] ???,????,????,???, and????, \????????????????
??????????????," ?????????????????? (CD-ROM),
JSASS-2011-0011, 2011.
[73] Woodward, R. D., Pal, S., Farhangi, S., Jensen, G. E., and Santoro, R. J.,
\LOX/GH2 Shear Coaxial Injector Atomization Studies: Eect of Recess and Non-
Concentricity," 45th AIAA Aerospace Sciences Meeting and Exhibit , AIAA 2007-
571, 2007.
[74] ????, ??????????, ???????, 1994.
[75] Shima, E. and Kitamura, K., \Parameter-Free Simple Low-Dissipation AUSM-
Family Scheme for All Speeds," AIAA Journal , Vol. 49, No. 8, 2011, pp. 1693{1709.
[76] Liou, M.-S. and Steen Jr., C. J., \A New Flux Splitting Scheme," Journal of
Computational Physics, Vol. 107, 1993, pp. 23{39.
[77] van Leer, B., \Towards the Ultimate Conservative Dierence Scheme. V. A Second-
Order Sequel to Godunov's Method," Journal of computational Physics, Vol. 32,
123
1979, pp. 101{136.
[78] van Albada, G., van Leer, B., and Roberts, Jr., W., \A Comparative Study of
Computational Methods in Cosmic Gas Dynamics," Astronomy and Astrophysics,
Vol. 108, No. 1, 1982, pp. 76{84.
[79] Gottlieb, S. and Shu, C.-W., \Total Variation Diminishing Runge-Kutta Schemes,"
Mathematics of Computation, Vol. 67, No. 221, 1998, pp. 73{85.
[80] Yoon, S. and Jameson, A., \Lower-Upper Symmetric-Gauss-Seidel Method for the
Euler and Navier-Stokes Equations," AIAA journal , Vol. 26, No. 9, 1988, pp. 1025{
1026.
[81] Chakraverthy, S. R., \Relaxation Methods for Unfactored Implicit Upwind Schemes
," AIAA Paper 84-0165, 1984.
[82] Chapman, D., \Computational Aerodynamics Development and Outlook," AIAA
journal , Vol. 17, No. 12, 1979, pp. 1293{1313.
[83] Piomelli, U., \Wall-Layer Models for Large-Eddy Simulations," Progress in
Aerospace Sciences, Vol. 44, No. 6, 2008, pp. 437{446.
[84] Frohlich, J. and von Terzi, D., \Hybrid LES/RANS Methods for the Simulation of
Turbulent Flows," Progress in Aerospace Sciences, Vol. 44, No. 5, jul 2008, pp. 349{
377.
[85] ????, \LES ???????????????????????????????
?????????????????," ? 43????????/?????????
?????????????, ??????????, JSASS{2011{2035{A, 2011.
[86] Spalart, P. R., Jou, W. H., Strelets, M., and Allmaras, S. R., \Comments on the
feasibility of LES for wings and on a hybrid RANS/LES approach," Proceedings of
First AFOSR Internatinal Comference on DNS/LES , Ruston, Louisiana, aug 1997.
[87] Spalart, P. R. and Allmaras, S. R., \A One-Equation Turbulence Model for Aero-
dynamic Flows," 30th Aerospace Sciences Meeting & Exhibit , AIAA 92-0439, Reno,
Nevada, 1992.
[88] Breuer, M., Jovicic, N., and Mazaev, K., \Comparison of DES, RANS and LES for
Separated Flow Around a Flat Plate at High Incidence," International Journal for
Numerical Methods in Fluids, Vol. 41, 2003, pp. 357{388.
[89] Nikitin, N. V., Nicoud, F., Wasistho, B., Squires, K. D., and Spalart, P. R., \An
Approach to Wall Modeling in Large-Eddy Simulations," Physics of Fluids, Vol. 12,
No. 7, 2000, pp. 1629.
[90] Spalart, P. R., Deck, S., Shur, M. L., Squires, K. D., Strelets, M. K., and Travin,
A., \A New Version of Detached-Eddy Simulation, Resistant to Ambiguous Grid
Densities," Theoretical and Computational Fluid Dynamics, Vol. 20, No. 3, 2006,
pp. 181{195.
124 ????
[91] Shur, M. L., Spalart, P. R., Strelets, M. K., and Travin, A. K., \A Hybrid RANS-LES
Approach with Delayed-DES and Wall-Modelled LES Capabilities," International
Journal of Heat and Fluid Flow , Vol. 29, No. 6, 2008, pp. 1638{1649.
[92] Boris, J. P., Grinstein, F. F., Oran, E. S., and Kolbe, R. L., \New Insights Into Large
Eddy Simulation," Fluid Dynamics Research, Vol. 10, No. 4-6, 1992, pp. 199{228.
[93] Ishiko, K., Study of Implicit LES for Compressible Turbulent Flows Using Weighted
Compact Nonlinear Scheme, Ph.D. thesis, Tohoku University, 2009.
[94] Mary, I. and Sagaut, P., \Large Eddy Simulation of Flow Around an Airfoil Near
Stall," AIAA journal , Vol. 40, No. 6, 2002.
[95] Tucker, P., \Hybrid MILES-RANS Method for More Dissipative Solvers and the Use
of Non-Linear LES," 42nd AIAA Aerospace Sciences Meeting and Exhibit , AIAA
2004-71, Reno, Nevada, 2004.
[96] ????,????,????, \?????????????????????? LES,"
???, Vol. 24, 2005, pp. 515{523.
[97] Poling, B., Prausnitz, J., and O'Connell, J., The Properties of Gases and Liquids,
McGraw-Hill, 5th ed., 2000.
[98] Peng, D.-Y. and Robinson, D. B., \A New Two-Constant Equation of State," In-
dustrial & Engineering Chemistry Fundamentals, Vol. 15, No. 1, 1976, pp. 59{64.
[99] Soave, G., \Equilibrium Constants from a Modied Redlich-Kwong Squation of
State," Chemical Engineering Science, Vol. 27, No. 6, jun 1972, pp. 1197{1203.
[100] Petit, X., Ribert, G., and Domingo, P., \Framework for Real-gas Compressible
Reacting Flows with Tabulated Thermochemistry," Journal of Supercritical Fluids,
Vol. 101, 2015, pp. 1{16.
[101] Meng, H. and Yang, V., \A Unied Treatment of General Fluid Thermodynam-
ics and its Application to a Preconditioning Scheme," Journal of Computational
Physics, Vol. 189, No. 1, 2003, pp. 277{304.
[102] Zeberg-Mikkelsen, C. K., Quinones-Cisneros, S. E., and Stenby, E. H., \Viscosity
Modeling of Light Gases at Supercritical Conditions Using the Friction Theory,"
Industrial and Engineering Chemistry Research, Vol. 40, No. 17, 2001, pp. 3848{
3854.
[103] Vasserman, A. and Nedostup, V., \An Equation for Calculation of the Thermal
Conductivity of Gases and Liquids," Journal of Engineering Physics and Thermo-
physics, Vol. 20, No. 1, 1971, pp. 89{92.
[104] Fujii, K., \Unied Zonal Method Based on the Fortied Solution Algorithm," Jour-
nal of Computational Physics, Vol. 118, 1995, pp. 92{108.
[105] Kawai, S. and Terashima, H., \A High-Resolution Scheme for Compressible Multi-
component Flows with Shock Waves," International Journal for Numerical Methods
125
in Fluids, Vol. 66, No. March 2010, 2011, pp. 1207{1225.
[106] Terashima, H., Kawai, S., and Yamanishi, N., \High-Resolution Numerical Method
for Supercritical Flows with Large Density Variations," AIAA Journal , Vol. 49,
No. 12, dec 2011, pp. 2658{2672.
[107] Papamoschou, D. and Roshko, A., \The Compressible Turbulent Shear Layer: an
Experimental Study," Journal of Fluid Mechanics, Vol. 197, 1988, pp. 453{477.
[108] Holmes, P., Lumley, J. L., and Berkooz, G., Turbulence, Coherent Structures, Dy-
namical Systems and Symmetry , Cambridge University Press, 1998.
[109] Freund, J. B. and Colonius, T., \Turbulence and sound-eld POD analysis of a
turbulent jet," International Journal of Aeroacoustics, Vol. 8, No. 4, 2009, pp. 337{
354.
[110] ???, \??????????????1.??," ???, Vol. 30, 2011, pp. 115{123.
[111] ???, \??????????????2.??," ???, Vol. 30, 2011, pp. 263{271.
[112] Nonomura, T. and Fujii, K., \POD of Aeroacoustic Fields of a Jet Impinging on
an Inclied Plate," 16th AIAA/CEAS Aeroacoustics Conference, AIAA 2010-4019,
2010.
[113] Davis, D. W., Chehroudi, B., and Talley, D. G., \Behavior of a Rocket-Like Coaxial
Injector in an Acoustic Field", ILASS Americas, 19th Annual Conference on Liquid
Atomization and Spray Systems, Toronto, Canada, 2006.
[114] Hilgers, A., \Control and Optimization of Turbulent Jet Mixing," Center for Tur-
bulence Research, Annual Research Briefs 2000 , 2000, pp. 45{54.
[115] van Nunen, J. W. G., \Pressure and Forces on a Circular Cylinder in a Cross
Flow at High Reynolds Numbers," Flow Induced Structural Vibrations, edited by
E. Naudascher, Springer-Verlag, Berlin, 1974, pp. 748{754.
[116] Travin, A., Shur, M., Strelets, M., and Spalart, P., \Detached-Eddy Simulations
Past a Circular Cylinder," Flow Turbulence and Combustion, Vol. 63, 2000, pp. 293{
313.

127
?? A
???????????
??????????????????????Mayer????????????????
???????? [10]??????????????????2?????????????
????????????????????? LU-SGS????????????????
??????????????????????????????????????????
???CFL????????????????????????????????????
????????????????????????????2?????????????
???? 2??????????????
A.1 ????
????? Table A.1 ????????????????????????? 4 MPa ?
???125 K ???????????????????????????????????
?????????????????????????????? 4 ??????????
???????????????????????????????????????? H
?????? 1=4???? 0.55 mm?????????????????????????
? Fig. A.1????????????????????????????????????
??????? 431????????? 299????????????? 400H??????
100H ????????????????????????????????????????
Table A.1: Initial condition of supercritical round jet simulation. The experiments per-
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le into y direction
Fig. A.4: Mean density and streamwise proles with varing the number of subiteration
at xed CFL number.
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A B
(a) Probe A, x/H=4, y/H=0.5 (b) Probe B, x/H=8, y/H=0
Fig. A.5: Power spectra of transverse velocity uctuation.
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LU-SGS: m=7, CFL=1
0.1 1.0
ߩ/ߩ௜௡
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Fig. A.6: Instantaneous density contours with varing the CFL number at xed number
of subteration.
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Fig. A.7: Mean density proles on the centerline with varing the CFL number at xed
number of subteration.
Table A.2: Summary of results; Failed indicates the result which simulation was failed,
Poor indicates the result which did not agree with the TVD RK result, and Fine indicates
the result which agrees with the TVD RK result.
CFL = 1 CFL = 3 CFL = 5
m = 1 Failed
m = 3 Fine Failed
m = 5 Fine Poor Failed
m = 7 Fine F ine Poor
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ILES/RANS??????????
???????? ILES/RANS ????????????????????????
????????????????????????????????????????
LES/RANS????????????????????????????????????
????????
B.1 ????
????? Table B.1 ??????1 ?????????????????? 1:4  105
????????????????????????????? Fig. B.1?????????
???? 319??????? 201????????????? 1?????????r+  1
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
???????????????????? 5?????????????? LU-SGS??
?????????????????? CFL?? 1??????????5???????
????
?????????????? ILES/RANS ???????????????????
ILES???????? ILES?? DES [86]??????????????????????
??????????????????????????????????????????
??????????? LES?ILES??????????????????????????
Table B.1: Simulation condition.
M1 p1, MPa 1, kg=m3 ReD
0.3 0.1 1.12 1:4 105
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Figure B.2 ???????????????????????????????????
?????????????????Figure B.3????????????????????
???? Cp??????????
Cp =
p  p1
1
21u
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(B.1)
?????van Nunen??????? [115]??Travin???? 2???3??? DES [116]
??????????????????????????????????????????
???????????????????????????????? 2?????????
????????????????? DES??? Travin?? 2?? DES????????
????????????ILES???????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????? D????????????? StD ????????????
StD =
fD
U1
(B.2)
????????? DES???????????????? 0.27????????????
????????????????????? 0.2???????????????????
2????????????????????? ILES??????????? 0.15????
???????
Figure B.4??????????? DES????????????????DES????
??????????????????????????????????????????
?????????????????????????????????????? [88]??
??????????????????????????????????????? ILES
????????????????
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30D
D
(a) Overall view (every two grid points are only
shown)
30D
D
(b) Near-wall view
Fig. B.1: Computational grid: 319 and 201 grid points in circumferential and radial
direction, respectively.
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Fig. B.2: Instantaneous streamwise velocity contour.
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Fig. B.3: Pressure coecient.
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Fig. B.4: Turbulent viscosity.
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